Introduction
In all three eukaryotic, eubacterial and archaeal lineages, numerous multidomain proteins can be understood as resulting from particular reassortments of domains, or 'modules' (Bork, 1991; Sonnhammer and Kahn, 1994; Doolittle, 1995) . Such combinatorial reassortments underlie the tremendous diversity of contemporary proteins, and the understanding of the domain arrangement of a protein is a prerequisite for structure/function analysis. Because domain relationships can often be recognized at the sequence level, sequence analysis can be of great help in the domain dissection of a given protein (Henikoff et ai, 1990; Sonnhammer and Kahn, 1994) . Conversely, interpretation of the possible functions of certain domains in a given protein can frequently be helped by investigating the occurrence and functions of
•*7b whom correspondence should be addressed homologous domains in other proteins. Because of the combinatorial nature of many proteins, and because of the rapidly increasing size of domain families, this task can be considerable. Therefore, there is a need for integrative tools which help the rapid comprehension of domain arrangements in large protein families.
In this paper, we present XDOM, a graphical tool designed for this purpose. Starting from a set of user-defined sequences, homologous domain families are automatically constructed using MKDOM, which is an improvement of the DOMAINER program of Sonnhammer and Kahn (1994) . Because the result of this treatment is difficult to comprehend as such, it is further processed interactively and visualized graphically using XDOM. This program provides a schematic description of all sequences with their decomposition into domains, and allows for simple queries on large protein families. It is a genuinely integrative tool which can provide the user with pertinent domain information about hundreds of sequences within a short time.
Systems and methods

Programs
The programs described in this paper have been grouped into one process, MKDOM, to chain all steps from a sequence database to a domain database automatically; the MKDOM script is written in PERL. The process uses public programs which have been developed at the National Center for Biotechnology Information (NCBI): BLASTP, SETDB, SEG andXNU (Altschulcva/., 1990; Claverie, 1993; Claverieand States, 1993; Wootton and Federhen, 1993, 1996) . The other programs (SORTDB, GAPHSP, GAPDOM and DOM-SORT) are written in ANSI standard C. The visualization program, XDOM, is written in C and uses the OSF/MOTIF programming libraries. Sequence files are read in FASTA format from local user files.
Biological material
We have applied the program to a family of 41 bacterial proteins involved in phosphoenolpyruvate-dependent sugar phosphotransferase systems (PTS), a major carbohydrate transport system in bacteria (Saier and Reizer, 1994 
Algorithm
The MKDOM program derives from the DOMAINER program which was described previously (Sonnhammer and Kahn, 1994) . It normalizes and fully automates the various DOMAINER phases to build domain families from a set of sequences ( Figure 1 ): (i) all-versus-all comparison of the sequences to generate homologous segment pairs (HSPs); (ii) construction of homologous segment sets (HSSs) by transitive closure of HSPs; (iii) detection and breakage of domain boundaries, and generation of a multiple sequence alignment and a consensus sequence for each domain family. The major improvements in MKDOM result from the processing of gaps in HSPs, HSSs and multiple alignments, which implied the introduction of original data structures and the rewriting of major procedures.
(i) Compare all sequences to generate gapped HSPs
The sequence set is first sorted alphabetically on sequence identifiers by SORTDB. using SEG and XNU (Claverie, 1993; Claverie and States, 1993; Wootton and Federhen, 1993, 1996) . Sequences are pre-processed with SETDB and the fast homology search program BLASTP (version 1.4.9; Altschul et al., 1990 ) is used to compare each sequence to the whole set, providing ungapped HSPs. In DOMAINER, HSPs were selected on the score assigned to each individual HSP by the BLASTP algorithm (above SCORE, Table 1 ; this is equivalent to selecting HSPs on the basis of probability; see Karlin and Altschul, 1990) . The MKDOM program additionally recognizes HSPs that are end-to-end close, a situation anticipated from gapped alignments. Two HSPs are considered to be end-to-end close if, and I only if, (i) they involve the same sequences, (ii) they can be part of a consistent gapped alignment (no segment inversion), (iii) the distances between corresponding sequence segment ends from both HSPs do not exceed 20 amino acids and (iv) the implicit gap length does not exceed MINOVERLAP (Table 1) . To be selected, end-to-end close HSPs must have an individual score above the BLASTP second cut-off value (SCORE2 ; Table 1 ). If the sum of their scores is higher than the first cut-off value plus a gap penalty (SCORE + GAP, Table 1 ), both HSPs are selected, otherwise they are rejected. In this way, the short HSPs which represent short segments in a longer gapped alignment are selectively included.
Sequence segments corresponding to sets of end-to-end close HSPs are realigned by GAPHSP with a classical algorithm (Needleman and Wunsch, 1970) , a positive BLO-SUM62 matrix (Henikoff and Henikoff, 1992 ) and user-defined gap penalties (GAP and GAP2; Table 1 ). These alignments define gapped HSPs described by two protein identity codes, two starting and two end positions, and two descriptions of gap positions. HSPs are sorted by decreasing scores before the next step.
(ii) Transitive closure of HSPs into HSSs (CLUSTER)
The sequence relationships defined by HSPs are exploited to cluster homologous protein subsequences into HSSs. An HSS is the description of a multiple gapped alignment between protein subsequences. An HSP is a particular HSS with only two members. A given protein may be represented more than once in an HSS if it contains internal repeats that are at least MINDOM amino acids apart; repeats shorter than the minimal domain length are not considered (Table 1) . Sequence positional information between HSSs is kept in links to indicate HSS adjacency, thus generating a graph of HSSs (Sonnhammer and Kahn, 1994) .
HSSs are built gradually by comparing each HSP in turn with all the previously built HSSs. If two HSSs or HSPs have at least one sequence in common and the sequence segments overlap, these overlapping regions are merged into a new HSS. Non-overlapping regions are put into other HSSs. The alignment of the overlapping regions is deduced from the alignment of the common sequence with the other segments. Merging of two HSSs is not performed in case their overlap is too short, below MINOVERLAP, a value which governs the program resolution (Table 1) .
(iii) Detect domain boundaries and generate multiple alignments and consensus sequences (GAPDOM)
Domain boundaries are detected as in DOMAINER on three different criteria: real N-or C-termini of polypeptide chains, shuffled domains and repeat units (Sonnhammer and Kahn, 1994) . After breakage at these boundaries, each resulting graph of linked HSSs is presumed to correspond to a domain family. Multiple alignments are then computed for each domain family with MULTALIN (version 5.3; Corpet, 1988) using the positive BLOSUM62 scoring matrix and the previous gap penalties.
Consensus sequences are generated for each multiple alignment as follows. For each position in the alignment, a score for matching each amino acid is calculated as the sum of the coefficients of the BLOSUM62 scoring matrix over all amino acids occurring at this position minus a gap penalty over all gaps occurring at this position; if all sums are negative, a gap is included into the consensus sequence at this position, otherwise the best scoring amino acid is selected. The sums are weighted ones: individual weights are assigned to each sequence in order to down-weight near-duplicate sequences and up-weight the most divergent ones. Weights are computed using the MULTALIN clustering tree and a method developed by Gerstein et al. (1994) . Domain families are sorted by decreasing number of sequences (DOMSORT). Each domain family is thus represented by a multiple alignment and a consensus sequence. Conversely, domain boundaries are mapped onto each sequence to provide its domain arrangement. Table I . SCORE and SCORE2 are used in BLASTP command line, respectively, as S and S2 parameters: they are the first and second cut-off values used to filter the HSPs. GAP and GAP2 define the penalty as GAP + GAP2*gap_length for all alignments (pairwise and multiple). MINOVERLAP governs the method resolution and is used throughout the process with different purposes: minimal overlap between two HSSs that are to be composed, minimal HSP or HSS length, maximal gap length between two end-to-end close HSPs. MINDOM is the minimal length of a domain.
The output files are dbVERSION, dbVERSION.mul, dbVERSION.xdom and dbVERSION.result, where version is a user-defined string (00 by default). dbOO includes the consensus sequences of all domains in FASTA format: dbOO.mul includes the multiple sequence alignments of the domain families: dbOO.result includes a list of all the original sequences with their domain decomposition and, for each domain, the number of sequences in its domain family; dbOO.xdom contains the same information as dbOO.result in a more compact format for use as an XDOM input file.
The XDOM program
This program proposes a graphical interface for MKDOM results. It uses the Xwindows norm and runs on any UNIX station or terminal with an X device. The input files are a dbVERSION.xdom file and its corresponding multiple alignment and consensus files; the sorted original sequence database is an optional input file. XDOM presents a schematic visualizition of all proteins present in the input file in an X-window (Figure 2) . Each protein is shown on a single line, starting with its name, followed by the schematic display of its domains. A domain is shown as a box, its size corresponds to the domain length in amino acids. Each domain family has a unique representation among 12 720 different combinations of 16 x 15 colours and 53 motifs. Menus and mouse can be used to interact with the program as explained below.
A classical File menu allows the user to open or create a project, to save and print it. The Query menu opens a dialogue box to change the window content. The two queries that can be answered are: (i) display all proteins sharing a given homologous domain; (ii) display all proteins sharing homology with a given protein. Proteins may be sorted either by domain composition or alphabetically. Sequences that have the same domain decomposition may be grouped, and displayed as a single line, to limit output redundancy. When the mouse points to a protein name, a left click displays its sequence as in the original sequence database, a right click displays all homologous proteins. When the mouse points to a domain, a left click displays the multiple alignment of homologous domains, a right click displays all proteins containing homologous domains.
Availability
The MKDOM script and all executable programs are available for Solaris (Sun) and Lrix (Silicon Graphics), through anonymous ftp (ftp.toulouse.inra.fr, pub/xdom directory). An installation program is provided to customize the PERL script.
Discussion
In this work, we have developed MKDOM and XDOM, a suite of two programs that analyse and visualize the modular domain organization of proteins in a given sequence family. The procedure is entirely based on sequence comparisons and does not require direct human expertise. The graphical display of the results allows the user to get a synthetic view of the family domain organization.
Domain analysis
The output of this type of domain analysis will clearly depend on (i) the nature of the input sequence set, (ii) the stringency of the homology analysis (BLASTP cut-off values SCORE and SCORE2) and (iii) whether biased and highly repetitive sequences have been masked (FILTER option). The input sequence set can be generated in different ways. If the user has sufficient knowledge about the family, sequences can of course be 'handpicked' in FASTA format with the help of a text editor. However, one runs the risk that important relevant sequences may be missed. It is, therefore, frequently useful to recruit relevant sequences more systematically, for instance by recursive BLASTP searches or using the MOST program to recruit an entire domain family (Tatusov et ai, 1994) . The ProDom protein family database (http://protein.toulouse.inra.fr/prodom.html; Sonnhammer andKahn, 1994; Gouzy etal., 1996) , the PROSITE database of protein family signatures (Bairoch et al., 1997) , specialized protein family databases (as cited in Henikoff et al., 1996) or SWISS-PROT annotations (Bairoch and Apweiler, 1997) can also be used to help the user to define a relevant sequence set. Second, the BLASTP cut-off SCOREs will need to be adjusted depending on the relatedness of relevant domains within the sequence set. The default cut-off SCORE values (Table 1) are highly stringent and are useful for the processing of large databases; for instance, these default cutoff values are being used routinely for the construction of
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-.her ProDom from the entire SWISS-PROT database (Sonnhammer and Kahn, 1994) . For smaller sequence sets, it is desirable to decrease these values for increased sensitivity of the initial homology search. Since MKDOM now handles gapped HSPs, an alternative to BLASTP could have been the FASTA (Pearson and Lipman, 1988) or the more recent WU-BLAST program (Gish, 1997) . However, their outputs can depend tremendously on the parameter set. In particular, it is difficult to control the span of gapped HSPs obtained with these programs, which is crucial for domain analysis. Finally, it is usually desirable to filter out the most biased or repetitive segments, because the many similarities they may induce are frequently not related to homology and are therefore not relevant to domain analysis (Claverie, 1993; Claverie and States, 1993; Wootton and Federhen, 1993, 1996) .
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As an example, the program was used to analyse and display 41 bacterial PTS proteins (Figure 3) . The well-studied IIA and IIB domain families, containing the PTS_EIiA_l and PTS_EIIB_CYS signatures in PROSITE, were correctly found (IIA_1 and IIB domains in Figure 3 ). The IIA domain family containing the PTS_EIIA_2 signature has been split into two families (IIA_2 and IIA_3 domains in Figure 3) . However, MKDOM could not infer the proper domain boundary between domains IIB and IIC in the mannitol transporters PTMA_ECOLI and PTMA_BACSU, because of the lack of a shuffling event in this sequence data set: these two domains were analysed as a single amino-terminal domain (Figure 3 ). This example thus emphasizes the importance of the choice of a proper input sequence data set for domain analysis. Also, it should be stressed that MKDOM is an automatic procedure based solely on sequence similarity. Therefore, one should not expect high accuracy in domain boundary determination: MKDOM-generated domain boundaries should be considered tentative, and they must be inspected and interpreted critically, in particular with the help of multiple sequence alignments, before reaching definite conclusions.
MKDOM brings major improvements when compared with previous tools. A crucial difference between DO-MAINER and MKDOM is that DOMAINER considers only non-gapped alignments. Many more non-gapped HSSs had to be processed than is required with gapped HSSs. This made DOMAINER HSS graphs much more complex than MKDOM ones. Complex graphs are difficult to handle and the rules applied to detect domain boundaries can be insufficient in such cases. In the example above, DOMAINER failed to separate domains IIC and IIA (results not shown). Another improvement in MKDOM when compared with DOMAINER is the streamlining and standardization of the various steps involved in automatic domain analysis. Indeed, DOMAINER is a menu-driven and partly interactive program requiring user input at various stages, which implies that the particular order of data processing, hence the precise output of the analysis, will vary. In MKDOM, only a limited set of useful parameters can be adjusted (Table 1) , thus standardizing the process. Finally, in MKDOM, multiple weighted sequence alignments are recalculated ab initio using MULTALIN (Corpet, 1988) , whereas the DO-MAINER program uses partial HSS information which generates incomplete alignments. Gap penalties can be adjusted by the user when necessary.
Domain visualization
The XDOM program presents distinct advantages when compared with the previously available MACAW program to display domain relationships graphically (Schuler et ai, 1991) . First, MACAW requires the manual selection of relevant blocks of sequence similarity, which can be very time consuming when analysing large protein families. This is done automatically with MKDOM. Second, and most importantly, the MACAW program does not tolerate sequence repeats or circular domain permutations which are common occurrences in multidomain protein families. Third, XDOM provides many different motifs to encode the various domain arrangements visually and synthetically. When large families are analysed, the synthetic view is helped by the 'simplify' option which allows the user to visualize only one sequence for each type of different domain arrangement; this option appears extremely helpful when handling the hundreds of sequences which are found in some families. The XDOM synthetic graphical view thus provides an intuitive tool to assist with the interpretation of protein families.
Processing of large data sets
MKDOM/XDOM can be used to visualize the domain decomposition of all proteins of a specific genome. The program is run on the entire set of protein sequences of a given organism, such as yeast (Cherry et al., 1997 ), E.coli, H.influenzae (Fleischmann et al., 1995 , M.genitalium (Fraser et al., 1995) . M.pneumoniae (Himmelreich et al., 1996) , M.jannaschii (Bult et al., 1996) or Synechocystis PCC6803 (Kaneko et ai, 1996) . It proposes a domain decomposition for all proteins encoded in a genome on the basis of paralogy relationships within a given species. This analysis showed that all these microbial species do contain proteins with multiple domains. Here are a few examples of extreme microbial multidomain proteins found in these organisms: a yeast protein with 27 putative domains, including nine repeats (NCBI ID: 1360494, 4910 1001461, 3029 amino acids). From these examples, it is apparent that highly multidomain proteins are found not only in eukaryotes, but also in eubacteria and archaea despite a high genome compaction, which suggests that multidomain arrangements observed are of functional significance.
We regularly apply MKDOM to all non-fragmentary sequences of the SWISS-PROT database, to generate the ProDom database (Sonnhammer and Kahn, 1994) , and routinely use XDOM to inspect preliminary versions of ProDom before new releases. The ProDom database can be accessed on a WWW server (http://protein.toulouse.inra.fr/prodom.html), which provides an XDOM-like output, with additional hypertext capabilities. Users can ask the same queries as with XDOM. ProDom is built for each 'version of SWISS-PROT with the default MKDOM parameters. Given reliable Internet connections and the existence of the ProDom WWW server, it might be argued that there is little need to provide an additional tool such as MKDOM/XDOM. However, ProDom is a fixed database and users may want to study a specific sequence family with their own sets of sequences and parameters. SW1SS-PROT has been chosen for the construction of ProDom because of the high quality of its annotations and its general consistency (Bairoch and Apweiler, 1997) . However, many protein sequences are not yet available in SWISS-PROT, although they may be relevant to the analysis of particular protein families. Also, handling smaller data sets allows one to vary MKDOM parameters, in particular to use less stringent similarity thresholds which can reveal additional homology relationships. Thus, MKDOM and XDOM provide a flexible tool for protein domain analysis, whereas ProDom is more useful for its comprehensiveness.
